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Abstract

This study was carried out to investigate the physical and thermal properties of κ-carrageenan (κ-car) gel added whey

protein isolate (WPI) as a cryoprotectant. The concentration of κ-carrageenan was fixed at 0.2 wt%. The mean ice crystal

size of the WPI/κ-car was decreased according to increasing whey protein isolate concentration. The temperature of gel-sol

(Tg-s) and sol-gel
 

(Ts-g) transition of WPI/κ-car maxtrix was represented in the order of 3.0, 0.2, 5.0 and 1.0 wt%. In addi-

tion, the transition temperature of gel-sol of WPI in sucrose solution were showed in order of 1.0, 5.0, 0.2 and 3.0 wt%

depending on whey protein isolate concentration. The shape of ice crystal was divided largely into two types, round and

rectangular form. 1.0 wt% WPI/κ-car matrix at pH 7 and 9 showed minute and rectangular formation of ice crystals and

whey protein isolate in sucrose solution at a concentration of 1.0 wt% WPI/κ-car matrix at pH 3 and 5 showed relatively

large size and round ice crystals. The ice recrystallization characteristics and cryprotective effect of κ-carrageenan changed

through the addition of different concentrations of whey protein isolate. It seems that the conformational changes induced

interactions between whey protein isolate and κ-carrageenan affected ice recrystallization.
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Introduction

Whey proteins are important in the food industry, not

only as components of dairy products, but also as ingredi-

ents in many non-dairy food products. The most abundant

whey proteins, β-lactoglobulin (β-LG) and α-lactalbumin

(α-LA), contribute greatly to the overall functional prop-

erties of whey ingredients, and have been studied in great

detail. However, their stability after thermal processing

continues to present a challenge to the food industry. The

principal component of whey protein is β-LG, a globular

protein with a molar mass of 18.3 kDa, containing two

disulfide bonds and one free thiol group (Swaisgood,

1982). With heating, this protein dominates the aggrega-

tion and gelation behaviour of whey proteins (Schokker et

al., 1999). The second most abundant protein, α-LA, is

also globular, with a molar mass of 14.2 kDa (Swaisgood,

1982). This protein shows heat-denaturation at relatively

low temperatures (about 65oC) compared to β-LG, but does

not form large aggregates or gels when heated in isolation

(McGuffey et al., 2005). However, when heated with β-

LG, the inaccessible thiol groups of α-LA react with those

of β-LG, and α-LA is incorporated in the aggregates.

Under these heating conditions, α-LA oligomers are also

found (Schokker, et al., 2000). The cumulative aggrega-

tion of whey proteins, as well as that of β-LG in isolation,

has been studied extensively, and the mechanisms of

aggregation are well understood. Aggregation and gela-

tion of whey proteins occurs with heating at 70oC and

above. At these temperatures, whey proteins unfold and

irreversibly aggregate through exposed hydrophobic groups

(Schokker et al., 1999). Whey protein gelation is affected

by the addition of polysaccharide (Beaulieu et al., 2005;

Capron et al., 1999; Ould Eleya and Turgeon, 2000).

Polysaccharides are often added to modify the texture and

microstructure of whey protein gels, however, the effect of

polysaccharides during heat-induced aggregation of whey

proteins is not fully understood (Kelly and Milena, 2009).

Suspensions of whey protein isolates or concentrates

can form thermally induced gels (Mleko et al., 1994).

This process can be used for dessert production, but sucrose,

which is a dessert component, deteriorates the properties

of obtained gels (Mleko, 1997). The Addition of other

gelling agents is therefore necessary. Incorporating κ-car-

rageenan (κ-car) into whey protein based desserts affects
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the formation of gels with the production of even higher

storage modulus values than for milk based desserts such

as yogurt, ice cream and so on. Also, the mechanical spec-

tra of such gels indicated increased strength of whey pro-

tein based gels in comparison to milk protein desserts

(Mleko, 1997). This phenomenon can be caused by inter-

actions between whey proteins and κ-car.

κ-Carrageenan is highly sulphated polysaccharides found

in marine algae, giving them a flexible, gelatinous struc-

ture. It is comprised of repeating disaccharide units of 3-

linked β-D-galactose 4-sulfate and 4-linked 3, 6-anhydro-

α-D-galactose. The κ-car is widely used in dairy products

as a stabilizer, and several studies have investigated the

mechanism of interaction between carrageenans and milk

proteins (Capron et al., 1999; Roesch, et al., 2004; Sno-

eren, 1976). κ-car in milk forms strong, brittle gels, simi-

lar to those obtained in water, but much stronger. This

phenomenon is known as milk reactivity. Snoeren (1976)

reported that κ-car interacts with κ-casein by an electro-

static interaction. This is possible even on the alkaline

side of casein’s isoelectric point, since the segment of κ-

casein from residues 97 to 112 remains positively charged

and this enables interactions with the negatively charged

sulfate groups of κ-car. In summary, mixtures of whey

protein isolate and κ-carrageenan can form thermally

induced gels. This phenomenon is caused by interactions

between whey protein and κ-car. The textural and rheo-

logical characteristics were affected by concentration of

WPI or κ-car, presence of other substances, pH and ionic

strength.

Generally, κ-car is used to increase emulsion stability,

as a stabilizer, and to improve texture, sliceability and

juiciness in the food industry moreover, κ-car also has a

cryoprotectant effect (Bater et al., 1992; Carr, 1993; Trius

and Sebranek, 1996).

The aim of this study was to investigate the cryoprotec-

tive effect of κ-car in frozen dairy foods or desserts. We

expect that the conformational change induced interac-

tions between κ-car and whey protein influenced ice recry-

stallization characteristics. We prepared model matrix of

WPI/κ-car mixed gels at different concentrations of WPI

(0.2, 1.0, 3.0 and 5.0 wt%), where the concentration of

κ-car was fixed at 0.2 wt%. The ice recrystallization

characteristics of WPI/κ-car mixtures in 40% sucrose

solution have been characterized at -6oC which was

fixed in previous study. In addition, differential scan-

ning calorimetry (DSC) was analyzed for thermal char-

acteristics and zeta potential values of WPI/κ-car mixtures

were measured. 

Materials and Methods

 Reagents and chemicals

 Whey protein isolate (WPI) powder was purchased

from MSC Nutritional Ingredients (Lot No. ML8329A,

Bag No. 12, U.S.A), containing 1% soy lecithin as emul-

sifier. κ-carrageenan was obtained from TCI Chemicals

(Lot FGN01, Japan). Sucrose was purchased from a local

supermarket and was used without further purification.

Distilled water was used to prepare all the solution.

 Main Chamber

The cryopreservation of samples was analyzed using a

laboratory-made cold chamber (1000×740×800 mm, 20

mm thickness transparent acryl) consisting of an evapora-

tor, compressor, condenser and expansion valve as the

main components (Fig. 1). The inner and outer walls of

the cold chamber were insulated with thermal insulator to

minimize heat transfer (excepting a window for observa-

tion). Ambient temperature of cold chamber could be

cooled down to -30oC with control unit which was capable

of decreasing temperature. The temperature of the cold

chamber was measured using data logger (2640A Net-

DAQ, Fluke Corp., U.S.A). The cold chamber was equipped

with thermocouple, fluorescent lamp, silica gel, and a fan.

On the front and reverse side of wall, two glove holes

were fabricated so as to allow for the use of an internal

microscope from outside. The cryopolarization micro-

scope (CX40RF200, Olympus Optical, Co., Ltd, Japan)

was housed on one side of the cold chamber, and the sam-

Fig. 1. Schematic diagram of the ice crystal size measurin-

gand analysis system.
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ple box, silica gel and tools were also located inside the

cold chamber. A high performance Color CCD Camera

(VC45CSHR-12, Visionhitech Co., Ltd, Korea) was used

to capture the digital image of ice crystal observed by

cryopolatization microscope. Sample box temperature

inside of cold chamber was controlled by cryostat. A tung-

sten-halogen illuminator (KLS-150H, Kwangwoo CO.,

Ltd, Korea) was linked to the bottom of the microscope,

and a cryostat was connected to the small box. Smaller

sample chamber (85×105×90, steel) to keep at a constant

temperature independent of the cold chamber (Fig. 1).

The small chamber was designed as a double pipe struc-

ture, coolant (95% ethyl alcohol) of cryostat circulating

through a cooling jacket and the outer wall of small

chamber was isolated with heat insulator. The tempera-

ture control for the small sample chamber was performed

using a cryostat. It has 14 slide glass storage spaces and a

thermocouple (K-type) attached in the center of a small

chamber to observe the temperature of the inside. The

digital imaging software (InterVideo WinProducer, ver-

sion 3) and image analysis software (UTHSCSA Image

Tool, version 3.00 for Windows, University of Texas

Health Science Center in San Antonio, USA) were used to

capture and analyze images.

 Model matrix preparation

 For the control, 40% (w/w) sucrose was dissolved in

distilled water without any further additions. To prepare

κ-car treatments, 0.2 wt% κ-car was added into the 40%

sucrose solution. κ-car was heated to 80oC to dissolve it

completely. For the treatments, four different concentra-

tions (0.2, 1.0, 3.0 and 5.0 wt%) of WPI were dissolved

in distilled water. In order to achieve complete dissolu-

tion, κ-car and four different concentration of WPI were

mechanically agitated at 2000 rpm using a mini shaker

(MS1, JEIOTECH Co., Ltd, Korea), and were then dis-

solved with distilled water under mechanical stirring at

80oC, and stirred at same temperature for 2 h. WPI solu-

tions without κ-car were prepared by dispersing WPI (0.2

to 5.0 wt%) and sucrose in distilled water and stirring for

2 h to ensure complete dissolution of the protein.

For the plating of samples, two cover glasses (22×22

mm) were attached, leaving an interval of 10 mm, using

liquid paraffin on a standard (75×25×1 mm) microscope

glass slide 10 µL of the prepared samples were pipetted

onto the two cover glasses, and a cover glass slide was

then used to cover the sample. The edge of the cover glass

was then sealed with paraffin. The model matrixes were

then quickly frozen at -70oC in a deep freezer (NF-300FS3,

Nihon Freezer Co., Ltd, Japan) for 1 h, and were then

moved into the small sample box and were storaged at -

6oC in the cold chamber.

Measurement of ice crystal size and size analysis

The measurement of ice-crystal size was performed at

-6oC. Each sample was measured at regular intervals dur-

ing the next 72 h. From 10 to 100 ice-crystals were cap-

tured by digital imaging software, and 150~200 individual

ice-crystals were analyzed for each storage time and sam-

ple.

Differential scanning calorimetry

Differential Scanning Calorimeter (DSC 200F3, Netzsch-

Geraetebau GmbH, Germany) studies were carried out to

confirm the temperature of gel-sol (Tg-s) and sol-gel (Ts-

g) thermal transition. The temperature calibration was

performed with indium. Each sample was weighed at an

accuracy of 35±0.1 mg and was sealed in a hermetic alu-

minum pan. The empty pan was used as a reference. The

heat flow required to keep the two cells thermally bal-

anced was then recorded as their temperature was increased

from 20 to 100oC at a rate of 5oC/min. The cells were

then held at 100oC for 1 min, and cooled to 20oC being

scanned every 5oC/min under N
2
 gas injection while cool-

ing. Tg-s and Ts-g were defined as the temperature at

which a maximum occurred in the endothermic peak and

minimum in the exothermic peak.

ζ-potential analysis

The ζ-potential was analyzed by the Zetasizer® (Nano-

ZS90, Malvern Instruments Ltd., Worcestershire, UK).

The gel forming samples, for example κ-car with WPI,

were heated to make sol state until 70oC and injected to

zeta cell and the others were injected at normal tempera-

ture. Measurements were made at 70oC in triplicate.

Statistical analysis

The data were analyzed by ANOVA using SAS statisti-

cal program 9.1 (SAS Institute, Cary, USA). Differences

among the means were compared using Duncan’s Multi-

ple Range test, and the correlations between independent

variables and measured values were calculated as Pear-

son’s correlation coefficients. All measurements were

performed on at least three preparation samples and are

reported as means with standard deviations
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Results and Discussion

Mean size of ice-crystal depending on concentra-

tion of WPI in sucrose solution

The mean ice crystal size depending on concentration

of WPI in 40% sucrose solution is shown in Fig. 2. The

plots of each concentration of WPI are shown logarithmic

regression. After 72 h, the mean ice-crystal sizes for 0.2,

1.0, 3.0 and 5.0 wt% WPI solutions were 72.57, 71.15,

64.02 and 58.52 µm respectively. The mean ice crystal

size of WPI in sucrose solution was decreased depending

on increase of WPI concentration. 

Mean size of ice-crystal of WPI with κ-car matrix

depending on concentration of WPI in sucrose

solution

Fig. 3 shows the changes of ice crystal size depending

on concentration of WPI 0.2 to 5.0 wt% with 0.2 wt% κ-

car matrix in a 40% sucrose solution at -6oC over a 72 h

period. The mean ice-crystal size significantly increased

with elongating storage time, and the size-time relation-

ship was numerically modeled with logarithmic regres-

sion. The ice crystal size of 5.0 wt% WPI with κ-car

showed the maximum ice crystal size of 42.37 µm and

1.0 wt% WPI with κ-car showed a minimum ice crystal

size 16.14 µm, after 72 h storage. In addition, 0.2 and 3.0

wt% WPI with κ-car, and a sample without WPI, showed

mean ice crystals of 28.35, 21.81 and 27.6 µm, respec-

tively, after 72 h storage. The size of ice crystals depend-

ing on the concentration of WPI with κ-car was different

in the absence of κ-car. The combination of 1.0 wt% WPI

with 0.2 wt% κ-car showed a greater efficiency as a cry-

oprotectant than 0.2 wt% κ-carrgeenan without WPI, and

0.2 wt% WPI with κ-car showed a similar level of effec-

tiveness as a cryoprotectant as with 0.2 wt% κ-carrgeenan

without WPI. Hence, the effectiveness of WPI/κ-car as

cryoprotectant is related to the ratio of WPI/κ-car. The

reactivity of κ-car with casein micelles seems to affect the

cryoprotective effect of hydrocolloids in frozen dairy des-

serts as well. Regand and Goff (2003) reported a signifi-

cant decrease in the recrystallization rate in κ-car/sucrose

systems in the presence of milk solids non-fat (MSNF).

Mean size of ice-crystals of WPI in sucrose and κ-

car matrix depending on pH control

The ice crystal size depending on pH 3 to 9 of 1.0 wt%

Fig. 3. Changes of ice crystal size of WPI/κ-car matrix

depending on concentration of WPI (0.2 to 5.0 wt%)

in sucrose solution at -6oC. The concentration of κ-car

was held fixed at 0.2 wt%. ◇, κ-car without WPI; □ , 0.2

wt% WPI/κ-car; △, 1.0 wt% WPI/κ- car; +, 3.0 wt% WPI/

κ-car, ○: 5.0 wt% WPI/κ-car.

Fig. 2. Changes of ice crystal size depending on concentra-

tion of WPI (0.2 to 5.0 wt%) in sucrose matrix during

72 h at -6oC. ◇, 0.2 wt% WPI/suc; □ , 1.0 wt% WPI/suc;

△, 3.0 wt% WPI/suc; +, 5.0 wt% WPI/suc.

Fig. 4. Changes of ice crystal size depending on pH control of

sucrose and κ-car matrix with 0.2 wt% WPI during

cryopreservation at -6oC. 0.1 N NaOH and 0.1 N HCl

were used for pH control (±0.01). ◇, 3.0; □ , 5.0; △, 7.0; ○,

9.0; +, without pH control sucrose and κ-car matrix with

0.2 wt% WPI.
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WPI with 0.2 wt% κ-car is shown in Fig. 4. The natural

pH of 0.1 wt% WPI/0.2 wt% κ-car matrix was 6.24. pH

was adjusted pH 3 to 9 (±0.01) using 0.1 N HCl and

0.1 N NaOH. After 72 h storage, the ice crystal size of

WPI/κ-car matrix without pH control showed a minimum

size of 16 µm, and the ice crystal size at pH 3, 5, 7 and 9

showed mean values of 57.54, 61.32, 17.64 and 20.37 µm

respectively. This result shows that the ice crystal size of

WPI/κ-cara in the acidic region (pH 3 and 5) was bigger

than that without pH control and in the alkali region (pH

7 and 9). Mleko et al., (1998) investigated the changes in

textural properties resulting from protein-polysaccharide

interactions at different pH values, using surface hydro-

phobicity and small angle X-ray scattering measurement,

at pH values ranging from 1 to 12. They reported that

strong interactions with κ-car leading to the extensive

exposure of protein hydrophobic groups and formation of

large aggregates were indicated at low pH. At low pH,

WPI/κ-car matrix formed a stronger gel. The conforma-

tional changes of WPI/κ-car gel might affect ice recsrys-

tallization characteristics, and firmness of the WPI/κ-car

gel plays an important role in the cryprotective effect of

κ-car.

ζ-potential value depending on concentration of

WPI in sucrose solution

 ζ-potential depending on WPI concentration (0.2 to 5.0

wt%) in 40% sucrose solution was measured at 70oC

(Fig. 5). A significant difference was observed between

the different concentrations of WPI (p<0.05). The ζ-

potential was increased from -2.63 to -1.53 mV depend-

ing on increasing concentration of WPI from 0.2 to 5.0

wt%.

ζ-potential value of WPI/κ-car matrix depending

on concentration of WPI in sucrose solution

ζ-potential of WPI/κ-car matrix with WPI concentra-

tion (0.2 to 5.0 wt%) was measured at 70oC. Significant

difference was observed between concentration of WPI

(p<0.05) (Fig. 6). ζ-potential value decreased by the addi-

tion of κ-car. The ζ-potential of κ-car without WPI was

-8.34 mV, and ζ-potential was increased from -8.39 to

-2.5 mV with increasing the concentration of WPI from

0.2 to 5.0 wt%. It seems that there is a relationship between

ζ-potential and ice crystal size in the WPI/κ-car matrix.

ζ-potential values increased according to the addition of

κ-car to WPI in sucrose solutions. 0.2 wt% κ-car and low

concentration of WPI (0.2 wt%) showed a similar ζ-

potential value to that of the neat κ-car matrix, of about

-8 mV, and an ice crystal size of around 28 µm. 1.0 and

3.0 wt% WPI/κ-car did not show a significant difference

in ζ-potential values, and ice crystal size was smaller than

in the neat κ-car sample. These results indicate that at low

concentrations of WPI in WPI/κ-car, the ζ-potential and

ice recrystallization was strongly affected by κ-car, and

that at high concentrations of WPI in WPI/κ-car, the cry-

oprotective and ζ-potential effectiveness of κ-car was

increased. On the other hand, with 1.0 and 3.0 wt% WPI

in WPI/κ-car, the cryoprotective effectiveness of κ-car

was slightly increased. These changes of ζ-potential value

Fig. 5. ζ-potential of sucrose matrix depending on concentra-

tion of WPI (0.2 to 5.0 wt%) at 70oC. All tests were car-

ried out in triplicate (n=3) and whiskers represent the

standard deviation. a-d: means with different superscripts

within the concentration are significant (p<0.05).

Fig. 6. ζ-potential of WPI/κ-car matrix depending on concen-

tration of WPI (0.2 to 5.0 wt%) at 70oC. The concentra-

tion of κ-car was held fixed at 0.2 wt%. All tests were

carried out in triplicate (n=3) and whiskers represent the

standard deviation. a-c: means with different superscripts

within the concentration are significant (p<0.05).
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by conformational changes induced interactions between

κ-carrageenan and WPI. ζ-potential value is not the abso-

lute standard value determining ice crystal size however,

it could be considered as a factor reflecting ice crystal

size.

ζ-potential value of WPI/κ-car matrix depending

on pH control

ζ-potential of 1.0 wt% WPI with 0.2 wt% κ-car matrix

in 40% sucrose solution were measured depending on pH

control at 70oC. ζ-potential values of WPI/κ-car matrix

was significantly changed according to pH variation

(p<0.05) (Fig. 7). The natural pH of the WPI/κ-car solu-

tion was 6.24. pH was adjusted to pH 3.0, 5.0, 7.0 and 9.0

(±0.01) using 0.1 N NaOH and 0.1 N HCl. The ζ-poten-

tial of WPI/κ-car without pH control was -4.5 mV and ζ-

potential was decreased from 3.92 to -7.41 mV as

increasing pH from 3 to 9. In the acidic pH region (pH

3.0 and 5.0), the ζ-potential was increased compared to

that of the non-pH control sample. At pH 3, the ζ-poten-

tial represented positive value. These changes of ζ-poten-

tial value might be affected by isoelectric point of WPI

and conformational changes induced interactions between

κ-car and WPI.

DSC analysis

The samples were further studied with differential scan-

ning calorimetry to determine their thermal characteris-

tics. Fig. 8 represents the DSC thermograms of WPI

depending on concentration of in 40% sucrose solution,

and shows the peaks of Tg-s at 59.0oC (1.0 wt%), 66.4oC

(5.0 wt%), 66.5oC (0.2 wt%) and 66.7oC (3.0 wt%) and

the peaks of Ts-g at 80.7oC (1.0 wt%), 84.8oC (5.0 wt%),

86.7oC (3.0 wt%) and 87.0oC (0.2 wt%) (Fig. 8). The

thermographs of gel-sol and sol-gel transition of WPI

with 0.2 wt% κ-car in 40% sucrose solution, depending

on WPI concentration, are shown in Fig. 9. The Tg-s

have been observed from 61.5oC to 73.6oC and Ts-g were

observed from 83.7oC to 92.4oC (Fig. 9). The results of

DSC appear to be related to the results of ice crystal size

in WPI/κ-car matrix. There was no relation between Tg-s

and ice recrystallization phenomenon in the case of the

WPI/ sucrose matrix. Whereas there was a general trend

observed, in which gel-sol and sol-gel thermal transition

temperature of WPI with or without κ-car represented a

Fig. 7. ζ-potential of sucrose and 0.2 wt% κ-car matrix with

1.0 wt% WPI depending on pH control at 70oC. All

tests were carried out in triplicate (n=3) and whiskers rep-

resent the standard deviation. a-e: means with different

superscripts within the concentration are significant (p<0.05).

Fig. 9. DSC analysis of WPI/κ-car matrix in 40% aqueous

solution depending on WPI concentration (0.2 to 5.0

wt%) 20 to 100oC heating and cooling rate 2.0oC/min

min (Tg-s and Ts-g of 40% sucrose solution were

observed from the peaks in the DSC scan).

Fig. 8. DSC analysis of WPI in 40% aqueous sucrose solution

depending on WPI concentration (0.2 to 5.0 wt%) 20

to 100oC heating and cooling rate 2.0oC/min (Tg-s and

Ts-g of 40% sucrose solution were observed from the

peaks in the DSC scan).
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certain order according to concentration of WPI. 

Morphology

Fig. 10 shows microscopic images of ice crystals at ini-

tial and final stages of storage depending on a WPI con-

centration in 40% sucrose solution. The shape of ice

crystals were of a round shape in every concentration of

WPI. Fig. 11 shows microscopic images of ice crystals at

initial and final stage of storage depending on WPI con-

centration 0.2 to 5.0 wt% in WPI/κ-car matrix. From 0.2

to 3.0 wt% of WPI concentration showed mixture of

round and rectangular shape of ice crystals. However, the

ice crystals of 5.0 wt% WPI/κ-car sample showed rela-

tively large ice crystal size, and round shape. The ice

crystal images after 72 h storage depending on pH control

(3 to 9) of 1.0 wt% WPI with 0.2 wt% κ-car matrix are

shown at Fig. 12. The ice crystals of WPI/κ-car at pH 3

and 5 showed round shape. On the other hand, the ice

crystals of WPI/κ-car matrix at pH 7 and 9 showed mix-

tures of round and rectangular ice crystals. In our previ-

ous work, κ-car was determined to have an effect as a

cryoprotectant, forming minute and rectangular ice crys-

Fig. 10. Microscopic observation of ice crystals depending on

concentration of WPI in sucrose solution after 2 and

72 h at -6oC. A is after 2 h and B is after 72 h storage.

(a) 0.2 wt% WPI/suc, (b) 1.0 wt% WPI/suc, (c) 3.0 wt%

WPI/suc and (d) 5.0 wt% WPI/suc.

Fig. 11. Microscopic observation of ice crystals of WPI/κ-car

matrix depending on WPI concentration in 40%

sucrose solution after 2 and 72 h at -6oC. A is after 2 h

and B is after 72 h storage. (a) 0.2 wt% WPI/κ-car, (b)

1.0 wt% WPI/κ-car, (c) 3.0 wt% WPI/κ-car and (d) 5.0

wt% WPI/κ-car.

Fig. 12. Microscopic observation of ice crystals depending on

pH control (pH 3, 5, 7 and 9) of 1.0 wt% WPI in

sucrose and κ-car matrix after 72 h at -6oC. (a) pH

3.0, (b) pH 5.0, (c) pH 7.0 and (d) pH 9.0.
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tals, and this effectiveness was affected by its concentra-

tion and conformational changes induced by cations. In

this work, κ-car was also determined for its cryoprotec-

tive effect in WPI and κ-car mixture. These results indi-

cate that κ-car is a main factor in the formation of small

and rectangular ice crystals, and that this cryoprotective

effect is concerned with the shape of the ice crystals. It

seems that κ-car in aqueous solution affects the structure

of ice recrystalliation. In addition, this effectiveness is

changed according to the ratio of WPI/κ-car and pH. 5.0

wt% WPI/κ-car resulted in relatively large ice crystals,

and adjusting the pH to 3 and 5 for 1.0 wt% WPI with 0.2

wt% κ-car resulted in round shaped of ice crystals. 

Conclusions

This study was carried out to investigate changes of the

effectiveness of κ-car as a cryoprotectant in the presence

of WPI. WPI played a role as a cryoprotectant in sucrose

solutions, and ice crystal size was decreased depending

on increasing concentration of WPI. However, the great-

est cryoprotective effect was observed for 0.1 wt% WPI/

κ-car matrix. In addition, 5.0 wt% WPI/κ-car matrix showed

the largest ice crystal size under the same conditions. The

ice recrystallization characteristics and cryprotective effect

of κ-car changed through the addition of WPI, and its

concentration. It seems that the conformational changes

induced interactions between WPI and κ-car affecting ice

recrystallization.
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